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SUMMARY
Because of their similarity to humans, non-human pri-
mates are important models for studying human dis-
ease and developing therapeutic strategies. Estab-
lishment of chimeric animals using embryonic stem
cells (ESCs) could help with these investigations, but
has not so far been achieved. Here, we show that
cynomolgusmonkey ESCs (cESCs) grown in adjusted
culture conditions are able to incorporate into host
embryos and develop into chimeras with contribution
in all three germ layers and in germ cell progenitors.
Under the optimized culture conditions, which are
based on an approach developed previously for naive
human ESCs, the cESCs displayed altered growth
properties, gene expression profiles, andself-renewal
signaling pathways, suggestive of an altered naive-
like cell state. Thus our findings show that it is
feasible to generate chimeric monkeys using ESCs




Monkeys have significant advantages over rodents for physiolog-
ical and pharmacological investigations due to their close genetic
and physiological similarity to humans (Chan, 2013). The suc-
cessful establishment of chimeric monkeys using ESCs could
help with these efforts but has not so far been possible
(Tachibana et al., 2012). Conventional human and monkey
ESCs have been suggested to resemble a primed pluripotent
state because they share many characteristics with mouse
epiblast stem cells (Brons et al., 2007; Hanna et al., 2010; Huang
et al., 2014;Nichols andSmith, 2011; Tesar et al., 2007). Recently,
several studies have reported the generation of naive-like human
pluripotent stem cells (PSCs) andmonkey induced PSCs (iPSCs)
by using different combinations of pharmacological agents and
cytokines (Hackett and Surani, 2014). Two of these studies re-
ported that growth of PSCs in a media formulation termed
NHSMormodifiedNHSMcould yield naive-likehumanormonkey
PSCs with the ability to contribute to interspecies chimeric em-
bryos after their injection into mouse E2.5 morulae (Fang et al.,
2014;Gafni et al., 2013).However, it is not knownwhetherprimate
ESCs have the capacity to generate monkey chimeras. In this
study, we report that cynomolgus monkey ESCs grown in
NHSM-based media can efficiently incorporate into host em-
bryos, develop into chimeras, andcontribute to tissues of all three
germ layers after introduction into monkey morulae.
RESULTS
Highly Efficient Production of Primed Cynomolgus
Monkey ESCs from Cynomolgus Monkey Blastocysts
In our initial experiments, we used the CESM media composed
of conventional ESC culture media (Sun et al., 2011) and the
commercially available media PSGro (a fully defined, serum-
and feeder-free medium) at the ratio of 3:1, to establish 8
(61.5%, 8/13) cynomolgus monkey ESC (cESC) lines from 13
blastocysts without the use of immunosurgery (Figures S1A
and S1B). The resulting cESCs could be cultured for over 60 pas-
sages without differentiation or morphological changes, and
they maintained high expression levels of pluripotency markers
(Figures S1B and S1C). In vivo teratoma assays in SCID mice
showed that the cESCs could give rise to tissues of all three
germ layers 6–8 weeks after injection (Figure S1D).
Conversion of Primed cESCs into a Dome-Shaped
Colony State
To test whether cESCs can be converted into a dome-shaped
colony state similar to that of mouse ESCs, we modified a proto-
col used previously to generate naive human and mouse ESCs
(Gafni et al., 2013). Briefly, the cESCs from one cell line (CES-
1) at passage 5 were digested into single cells and cultured in
NHSM media supplemented with vitamin C (NHSMV) (Figures
1A and 1B), a small molecule that helps to maintain PSC self-
renewal capacity and promotes somatic cell reprogramming
(Pera, 2013; Wang et al., 2011). Dome-shaped colonies morpho-
logically similar to mouse ESCs appeared 3 days after culture,
and they displayed up to 42% ± 3.4% single-cell cloning effi-
ciency after trypsinization (without Y27632, a ROCK inhibitor),
whereas the majority of conventionally cultured cESCs did not
116 Cell Stem Cell 17, 116–124, July 2, 2015 ª2015 Elsevier Inc.
survive single-cell cloning (Figures 1C–1E). In the presence of
Y27632, the dome-shaped cESCs had single-cell cloning effi-
ciency of up to 81.2% ± 8.9%, while conventionally cultured
ESCs only reached 19% ± 5.6% (Figure 1E). The average
doubling time was also significantly reduced to 12–14 hr for
cESCs in dome-shaped colonies (versus 24 hr). Unlike a previ-
ous study of human dome-shaped ESCs (Gafni et al., 2013),
we found that cESC-induced dome-shaped colonies change
Figure 1. Conversion of Primed Cynomolgus Monkey ESCs into a Dome-Shaped Colony State
(A) Schematic representation of the generation of a chimeric monkey fetus using NHSMV-cultured cESCs.
(B) A representative colony of primed cynomolgus monkey ESCs (cESCs) cultured in the CESM media.
(C and D) Representative images of dome-shaped colonies of NHSMV cells. The passage number and culture day are indicated.
(E and F) The percentage of single-cell-derived colonies as measured at day 3 after being cultured in different conditions (E) and the percentage of single-cell-
derived dome-shaped colonies over passaging (F). Data are showed as mean ± SD (n = 3). **p < 0.01 by Student’s t test between each.
(G–N) Representative images of monkey ESCs in the NHSMV condition after they were immunostained for Oct4, TRA-1-60, TRA-1-81, Sox2, SSEA4, SSEA1,
Nestin, Klf4, Nanog, PRDM14, and Tbx3.
(O) The normal karyotype of cESCs after they were cultured for 26 passages in the NHSMV.
(P–S) NHSMV-cultured cESCs form teratomas containing tissues that are representative of all three embryonic germ layers in SCID mice.
Scale bars: (B)–(J), 100 mm; (K)–(N), 50 mm; and (P)–(S), 60 mm. See also Figure S1.
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back to flat morphology and showed reduced expression of
pluripotency markers after long-term (>3 passages) addition of
Y27632 (Figure S1E). However, short-term treatment with
Y27632 during passaging did not affect the self-renewal of the
dome-shaped ESCs. We were able to culture the dome-shaped
cESCs with routine single-cell passaging at 1:20–30 every
3–4 days (Figure S1F) for at least 27 passages (Figure 1F). To
confirm that the dome-shaped state of cESCs is not a unique
property of the CES-1 cell line, we also tested three other lines
and observed similar changes in colony morphology and growth
properties for all of them (Figures S1G–S1L).
After extensive passaging, the dome-shaped cESCs uniformly
expressed Oct4, TRA-1-60, TRA-1-81, Sox2, SSEA4, Klf4,
Nanog, and PRDM14, but not Tbx3 or the differentiation markers
SSEA1 and Nestin (Figures 1G–1N). They also maintained normal
karyotype after extended expansion for at least 26 passages (Fig-
ure 1O and Figure S1I) and formed teratomas with tissues of all
three germ layers 4–5 weeks after being injected into recipient
mice (Figures 1P–1S). Overall, therefore, the properties of the
dome-shaped cESCs suggest that they are in a different and
more naive-like state than conventionally cultured cells.
CultureConditionsAffect theGeneExpression Profile of
cESCs
To further investigate the differences between conventionally
and NHSMV-cultured cESCs, we first analyzed the H3K27me3
and XIST expression, two indicators of X chromosome state, in
female cells. We found that culture in NHSMV led to an apparent
loss of H3K27me3 foci in the nuclei and downregulation of XIST
expression levels (Figures 2A and 2B).
We next assessed the global gene expression pattern of
cESCs grown in both conditions by RNA sequencing (RNA-seq)
and immunostaining analysis. Sample correlation (Spearman)
showed that NHSMV cultured cells clustered separately from
conventionally cultured cells with a distinct gene expression
pattern, and different NHSMV lines displayed high degrees
of similarity to each other (Figure 2C). Although many pluripo-
tency-related transcripts, such as PRDM14, Oct4, UTF1,
ZFP42, REX1, RIF1,C-myc, Sox2, andNANOG, were expressed
similarly in both conditions, some, such as Klf4, Znf534, and
the LIF signaling pathway genes Stat3, LIFR, and Gbx2 (12-fold
increase), were significantly upregulated inNHSMVcells (Figures
2D–2F), suggesting greater activation of LIF signaling pathways.
We also found that TFCP21L1, ESSRB, and Tbx3 were weakly
expressed in both conditions (Figure 2D), suggesting that they
may function in a different way in cESCs compared to mouse
ESCs. Importantly, NHSMV cells showed notable downregula-
tion of transcripts associated with lineage-commitment, in-
cludingOtx2, Foxa2,Dusp6,CER1,GATA6,GATA2, T/Brachury,
and EOMES,whichwere expressed at low but appreciable levels
in conventionally cultured cESCs (Figure 2G).
To further identify NHSMV-specific gene expression profiles,
we analyzed the differential gene expression between the two
conditions (Figure 2H) and found that 1,906 genes were differen-
tially expressed (Figure S2A). GO term analysis showed that
NHSMV-upregulated genes were related to biosynthesis, cell cy-
cle, activemetabolism,DNA repair, and transcription (FigureS2B).
The complex IV cytochrome c oxidase (COX) gene family also
showed higher expression in NHSMV cells than in conventionally
cultured cells (Figure S2C), similar to findings for human reset and
conventional PSCs (Takashima et al., 2014) or mouse ESCs and
epiblast stem cells (Zhou et al., 2012). KEGG pathway analysis
also showed that upregulated genes in NHSMV cells were
associated with signaling pathways that regulate pluripotency,
including PI3K-Akt signaling and extracellular matrix (ECM)-re-
ceptor interactions (Figure 2I). Looking in more detail at the ex-
pression of key signaling pathway components, we found that
the LIF-Stat3, PI3K-Akt, Nodal-Smad2/3, andWnt signaling path-
ways were all significantly activated in NHSMV cells (Figure S2D).
ECM components can also affect the growth and self-renewal
properties of ESCs (Cattavarayane et al., 2015), and we found
that a number of ECM molecules, including collagen, integrin,
laminin, tenascin, and THBS, were significantly upregulated in
NHSMV cells (Figure S2E). Finally, analysis of PI3K-Akt signaling
pathways showed upregulated GT-RTK, ECM-ITGA, Gbg, and
Cytokine R and downregulated PP2A (promoting CDK activation
and cell-cycle progression) in NHSMV cells (Figure S2F). In
contrast, the most downregulated genes were closely associated
with cell adhesion molecules, cell death and apoptosis, and tight
junctions (Figure 2J and Figure S2G), implying that maintenance
of junctional structures and clustering may be a key for the sur-
vival of conventionally cultured cells during passaging. Signaling
pathway genes involved in immune system and neuronal lineage
development were also upregulated in conventionally cultured
cells (Figure 2J).
Finally, reminiscent of recent reports on human naive-like
ESCs (Gafni et al., 2013; Takashima et al., 2014), the NHSMV
cells also showed downregulation of the de novo DNA methyl-
transferases DNMT3A and DNMT3B and histonemethyltransfer-
ase EZH2, but not TET, SUZ12, and MLL2 methyltransferase
(Figure 2K and Figures S2H–S2I). Immunofluorescence staining
for 5-hydroxymethylcytosines (5hmC) was also notably weaker
in the NHSMV cells than in conventional cultures (Figure 2L).
Collectively, these data indicated that the gene expression
pattern of NHSMV-cultured cESCs is different from that of
conventionally cultured cells, consistent with other recent re-
ports in mouse, monkey, and human (Fang et al., 2014; Gafni
et al., 2013; Huang et al., 2014; Takashima et al., 2014; Theunis-
sen et al., 2014; Ware et al., 2014).
NHSMV-Cultured cESCs Integrate into Monkey Morulae
We next evaluated whether NHSMV-cultured cESCs can func-
tionally contribute to all cell types of the body and produce
chimericmonkey offspring after blastocyst or early embryo injec-
tion. We initially used in vitro intracytoplasmic sperm injection-
derived host morulae to evaluate the capacity of these cells for
chimeric contribution (Figure 3A). To facilitate tracking of the in-
jected cells, we infected them with a simian immunodeficiency
virus carrying GFP (SIV-GFP) (Niu et al., 2010) and selected
pure populations of cells expressing the GFP signal by FACS.
In our initial analyses, we used a cell line (XY male, CES-1 line)
for the chimera assays. Approximately 10–15 disaggregated
cells from passages 16 to 22 were injected into a host morula
in the interspace between the blastomeres (Table S1, Figures
S3A and S3B, and Movie S1). About 90% (36/40) of morulae
developed into fully expanded blastocysts after being cultured
in HECM-9, an early monkey embryo culture media (McKiernan
and Bavister, 2000) (Figure S3C and Table S1), indicating that
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the cell injection did not significantly impact embryo develop-
ment. Unexpectedly, the GFP cells quickly disappeared from
most of the embryos and only a few GFP cells were maintained
in only four of all examined blastocysts (n = 16) for 48–72 hr
(Table S1 and Figures S3D and S3E).
One possible explanation for the low efficiency of chimera
generation was the environmental difference between the
HECM-9 media we used for embryo culture and the NHSMV
cultured cESCs. Consistent with this hypothesis, in vitro assays
showed that less than 10% of single NHSMV-cESCs formed
Figure 2. Culture Conditions Affect the Gene Expression Profile of cESCs
(A) Representative confocal images obtained after double immunostaining for OCT4 and H3K27me3 of cESCs cultured in NHSMV and CESM conditions.
(B) qPCR analysis of XIST expression. Data are shown as mean ± SD. *p < 0.05 by Student’s t test.
(C) Sample correlation (Spearman) of RNA-seq in the monkey cESCs.
(D) Heatmap of pluripotent genes in the monkey cESCs.
(E and F) Representative confocal images obtained after we immunostained for Klf4 and Nanog on cESCs.
(G) Heatmap of lineage-commitment genes.
(H) Differential genes of cESCs cultured in NHSMV and CESM conditions.
(I) KEGG pathway analysis of upregulated genes in NHSMV-ESCs.
(J) KEGG pathway analysis of downregulated genes in NHSMV-ESCs.
(K) Representative confocal images obtained after we immunostained cESCs for DNMT3B and 5hmC.
See also Figure S2.
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colonies when cultured in HECM-9 media, and the colonies that
did form differentiated quickly (data not shown). To address this
issue, we adjusted the colony culture conditions to the sequen-
tial use of HECM-9 andNHSMVmixed culturemedia, andwe de-
signed a new culture protocol based on this approach termed
Protocol 2 (Pr-2) (Figure 3A, part b). Although the use of NHSMV
significantly inhibited the development of expanded blastocysts,
the chimera formation efficiency by cESCs was markedly
increased from 0%–20% (control) to 68.27% ± 20.42% in fully
expanded blastocysts (Figures S3C and S3H and Table S1). In
these chimeric embryos, GFP+ cells migrated out of the injection
sites and became distributed over different regions of the em-
bryos during culture (Figure 3B). We could not see clear bound-
aries between GFP+ cells and non-GFP host cells, suggesting
Figure 3. NHSMV-Cultured cESCs Could Generate Proper Monkey Chimeric Fetus after They Were Reintroduced into Monkey Morulae
(A) Strategies for two different culture protocols (Pr-1 and Pr-2) of morulae after they received cESCs.
(B) The chimeric embryos developed into hatched embryos and maintained cESC integration. pciD1, 3, and 5 indicated one, three and five days (respectively)
after cESCs were injected into morulae.
(C) EGFP- and WPRE-specific PCR analysis of embryonic genomic DNA on day 4 after cESC injection. Positive, positive control; Emr1, 2, 3, three different
embryos with obvious GFP signal, respectively; Emr4, one embryo without any GFP signal.
(D–F) EGFP- andWPRE- specific PCR analysis (D and E, respectively), and gender-specific gene (SRY) PCR analysis for genomic DNA of the female monkey fetal
tissues (F). Pl, placenta; Br, brain; Ey, eye; Sk, skin; Mu, muscle; BM, bone marrow cells; Bo, bone; Te, testis; Sp, spleen; Ki, kidney; He, heart; In, intestine; Bl,
bladder; Li, liver; Pa, pancreas; St, stomach; Lu, lung; Ut, uterus; SIV, SIV-GFP vector; ESC, NHSMV-cultured cESCs; SM, surrogatemother; Fa, the father (sperm
donor); Mo, the mother (egg donor); Wa, water, negative control.
(G–K) Genetic analysis based on STR examination demonstrating the presence of the cESC DNA haplotype in both fetal tissues. DXS8043 is located in the X
chromosome. ND, no detection.
See also Figure S3 and Figure S4.
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that the transplanted cells had integrated. Furthermore, these
chimeric embryos were able to develop into hatched embryos
and GFP+ cells were detected up to over 5 days after injections
(Figure 3B and Figure S3F). To further confirm integration, we pu-
rified genomic DNA from four embryos (three positive for GFP
and one negative for GFP) on day 4 after injection of NHSMV-
cESCs and tested for the presence of GFP and SIV-GFP-vector
in embryo genomic DNA by PCR with two pairs of specific
primers, one specific for fluorescent EGFP and the other specific
forWPRE (Figure S3K). As expected, GFP andWPRE sequences
were detected in all three GFP+ embryos, but not in the embryo
without GFP signal (GFP) (Figure 3C), implying that early embry-
onic chimerism could be evaluated through GFP signaling.
Together, these data showed that GFP+ cells grown in NHSMV
integrated into early embryos. It is worth noting that there were
only a small number of GFP+ cells in unexpanded embryos in
Pr-1 culture, whereas theymade a substantial contribution to un-
expanded embryos in Pr-2 (Table S1 and Figures S3G–S3I).
Chimera Formation by Monkey ESCs
We used CES-1 line-derived chimeric embryos to investigate the
potential for further development after their transplantation into
surrogate mothers. As the efficiency of chimeric blastocyst for-
mation was much higher when we used Pr-2 rather than Pr-1,
we focused on the former for these experiments. We transferred
14 Pr-2 chimeric blastocysts into five synchronized recipients.
One recipient was confirmed to be pregnant and carrying twins.
The pregnancy and implantation rates with chimeric blastocysts
were 20.0% (1/5) and 14.3% (2/14), respectively.
The normal gestation period of cynomolgus monkey is about
160 days. To analyze the contribution of transplanted NHSMV-
cESCs to the chimeric embryos, the pregnancy was terminated
after 100 days of gestation, when all tissues and organs have
formed, and the two fetuses were recovered by caesarean sec-
tion. One fetus was female and the other was male. Remarkably,
they were both of normal size and had no obvious defects
or congenital abnormalities (Figure S3J). Multiple tissues and
organs from each fetus were analyzed for the presence of
transplanted cell progeny using a range of approaches: (1)
GFP and SIV-GFP-vector sequence analysis by PCR of fetal
tissue genomic DNA (Figure S3K); (2) sex determining region Y
(SRY) gene analysis in female fetus; (3) microsatellite parentage
analysis of genomic DNA employing short tandem repeats
(STRs); and (4) GFP fluorescence observation under confocal
microscopy.
We detected two specific bands corresponding to the EGFP
and WPRE sequences, respectively, in all examined tissues
and organs from both fetuses (Figures 3D and 3E). The identities
of the GFP and WPRE bands were further confirmed by
sequence of the PCR products (Figures S3L and S3M).
The male-specific marker SRY was confirmed in all examined
tissues and organs of the female fetus by PCR and sequencing
(Figure 3F and Figure S3N). Detailed STR analysis also showed
that the transplanted NHSMV-cESCs successfully contributed
to the chimeric monkey fetuses (Figures 3G–3K). We also
examined whether the transplanted cESCs contributed to the
placentas and did not find any contribution, so we do not
have evidence of extraembryonic tissue differentiation potential
(Figures 3D–3F).
To evaluate chimera formation efficiency, some tissues or
organs were selected for histological analysis. Consistent with
the results of the WPRE, EGFP, SRY, and STR analyses, all of
the tissues that we examined contained diffusely distributed
GFP+ cells (Figures 4A–4C and Figure S3O). We also found GFP
signals in bone marrow cells recovered from hindlimb by direct
fluorescence observation (Figure 4A). Based on the number of
GFP+ cells, the proportion of ESC-derived progeny seemed to
vary significantly between the different tissues and organs,
ranging from 1% to 18% (Figure S3O). Notably, we found that
pancreas, bonemarrow, and bladder displayed higher chimerism
versus other tissues, up to almost 10%, 15%, or 18%, respec-
tively. This GFP-based evaluation may underestimate the overall
degree of chimerism, as some of the injected cells might not have
been GFP+ (Figure S3A), and GFP expression was shut down in
some cells during in vitro cell differentiation (data not shown),
consistent with previous findings from our lab onGFP-expressing
transgenic monkeys generated by injection of the same SIV-GFP
virus into 2- to 4-cell embryos (Niu et al., 2010).
Chimeric Cells Differentiate into Endogenous Tissue
Cells
To test whether chimeric cells could differentiate into endoge-
nous tissue cells, typical sections of male fetal brain, heart,
and pancreas, representing ectoderm, mesoderm, and endo-
derm tissue, were co-stained with the antibodies for GFP and
specific markers. As expected, we found that GFP+ cells differ-
entiated into typical MAP2+ neurons, MBP+ oligodendrocytes,
and GFAP+ astrocytes in the brain (Figures 4D–4G) as well as
cTnT+ cardiomyocytes in heart atrial and ventricular walls (Fig-
ure 4H). In the pancreas, GFP+ cells were detected in both the
islet and non-islet regions, with an enrichment of GFP+ cells in
the non-islet regions compared to the islet regions (Figure 4B).
The transplanted cell progeny also differentiated into Pdx1+
pancreatic progenitors, Insulin+ b cells, Glucagon+ a cells, and
CK19+ pancreatic ductal cells (Figures 4I–4L). Overall, our
analysis showed that transplanted cESCs were able to form
embryo proper chimeras and give rise to tissues of all three
germ layers.
Transplanted cESCs Can Contribute to Early-Stage
Germ Cell Progenitors
As cynomolgus monkey puberty occurs at 4–5 years of age, a
true test of the germline contribution potential of these cells
would require a long-term experiment. To examine this issue
within the time frame of our current experiment, we looked at
whether transplanted cESCs can give rise to early-stage germ
cell progenitors in our caesarean male fetus. We genotyped
one testis of the male fetus and confirmed that the testis
was indeed chimeric based on EGFP- and WPRE-specific PCR
as well as STR analysis (Figures 3D and 4M–4P). With these
encouraging results, we fixed the other testis and cryosectioned
it into 18 mm sections, and we detected sporadic GFP+ cells
throughout the testis (Figure 4O). Further examination showed
that some of these cells co-expressed VASA, a germ-cell-spe-
cific maker (Fujiwara et al., 1994) (Figures 4Q and 4R), suggest-
ing that the transplanted cells contributed to early-stage germ
cell progenitors. The transplanted male cells were not detected
in female gonad and germ cell progenitors (Figure S3P).
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Embryo Chimerism Capacity Is Not Unique to the
CES-1 Line
To confirm that embryo chimera formation is reproducible in
more than one ESC line, a second line (3-12 CES, male XY)
were also injected into 14 monkey morulae using Pr-2. Five
embryos (35.6%, 5/14) developed into expanded blastocysts,
and four blastocysts (80%, 4/5) displayed early chimera
after in vitro culture for 48 hr (Figure S4A and Table S1).
GFP cells migrated out of the injection sites during embryo
development and integrated into the intracellular matrix
(ICM) (Figure S4A).
To further confirm ICM integration in these experiments, we
used two chimeric blastocysts 48 hr after injecting NHSMV-
cultured 3-12 cESCs to establish conventional cESC lines using
the same protocol as for original derivation. One ESC line
(chimera ESCs) was successfully established (Figure S4B).
GFP+ cells were detected, purified by FACS, and confirmed to
be of 3-12 cESC origin by STR analysis (Figures S4B–S4G). To
Figure 4. NHSMV-Cultured cESCs Could Differentiate into Tissues of All Three Germ Layers and Early-Stage Germline Progenitors in the
Chimeric Monkey Fetus
(A) GFP signals in bone marrow cells recovered from hindlimb were directly observed by confocal microscopy without GFP antibody staining.
(B and C) cESC-derived progenies integrated into pancreas and bladder.
(D–G) cESC-derived GFP chimeric cells in the brain differentiated into MAP2+ neurons, MBP+ oligodendrocytes, and GFAP+ astrocytes.
(H) The chimeric cells in heart gave rise to cTnT+ cardiomyocytes.
(I–L) cESC-derived GFP chimeric cells in the pancreas differentiated into Pdx1+ pancreatic progenitors, Insulin+ b cells, Glucagon+ a cells, and CK19+ pancreatic
duct cells.
(M–R) cESCs gave rise to early-stage germ cell progenitors. (M–P) STR analysis confirms that cESCs integrated into male gonad testis. (Q and R) A few cESC-
derived GFP+ cells co-expressed VASA.
Scale bars: (A)–(C), 50 mm; (D)–(L), 25 mm; (Q) and (R), 100 mm. See also Figure S3.
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address the possibility that the GFP+ cells were from residual
nonintegrated 3-12 cells, we cultured single 3-12 NHSMV-
cESCs sequentially in vitro H9: NHSMV (1:1) for 2 days and in
CESM media for another 4 days (Figure S4H). Only a few single
cells survived and eventually became Nestin+TRA-1-81 differ-
entiated colonies (Figures S4I and S4J). Because injected
NHSMV-ESCs might maintain an undifferentiated state by form-
ing cell communication with other cESCs or blastomeres in the
morulae, we also cultured NHSMV-ESC clusters sequentially
in vitro in the H9: NHSMV (1:1) and CESM media (Figure S4H),
and similarly, we did not detect any undifferentiated colonies.
So, overall, the most straightforward explanation is that the
GFP+ ESCs originated from the progeny of transplanted cells
that had integrated into the ICM, and thus that NHSMV-cultured
3-12 ESCs can also integrate into monkey embryos.
DISCUSSION
In conclusion, this study has shown the generation of monkey
chimeras using transplantation of monkey ESCs that contribute
to tissues of all three germ layers when introduced into host early
embryos. Although we currently only have data from analysis of
one pregnancy and two fetuses, our studies do succeed in
demonstrating the feasibility of this approach. Our data, together
with that of two previous reports (Fang et al., 2014; Gafni et al.,
2013), demonstrated that the NHSM culture system can be
used to maintain monkey, mouse, and human naive-like ESCs
in an altered growth state, suggesting that the fundamental
mechanisms underlying self-renewal of ESCs might be con-
served among different species. Although it is currently not clear
to what extent our chimerism data are a result of a change in cell
state as opposed to an effect of the difference in culture condi-
tions for both the cells and host embryos, we do observe consis-
tent differences in a number of properties of the cells consistent
with conversion to an altered state.
The generation of monkey ESCs with the ability to produce
same-species chimeras has important implications for stem
cell research, clinical regenerative medicine, and non-human
primate models of human disease. First, this approach can be
an important platform upon which to test the pluripotency of pri-
mate ESCs or iPSCs. Second, this type of approach could pave
the way for the use of chimerism to generate functional organs,
such as pancreas and kidney, from PSCs by injection of monkey
PSCs into pancreatogenesis- or nephrogenesis-disabled mon-
key early embryos as demonstrated by previous reports (Ko-
bayashi et al., 2010; Usui et al., 2012). Third, monkey chimeras
generated by ESCs could be used to produce human disease
models in non-human primates for the study of mechanisms of
diseases by gene editing.
Unfortunately, the ratio of chimeric cells to endogenous cells in
most tissues is still low in this study. We found that the use of a
modified injection and culture protocol with a mixed media
approach (Pr-2) significantly promoted the cell survival and
improved the resulting chimerism rate. However, the use of
NHSMV was detrimental to embryo development. Further opti-
mization of the culture conditions will be important to increase
chimera formation. There is already evidence of some strategies
that might be helpful. For example, several recent studies re-
ported successful generation of naive-like human PSCs and
monkey iPSCs from the use of different combinations of pharma-
cological agents and cytokines and new methodologies (Chan,
2013; Chan et al., 2013; Fang et al., 2014; Gafni et al., 2013;
Hanna et al., 2010; Takashima et al., 2014; Theunissen et al.,
2014; Wang et al., 2014; Ware et al., 2014). It will be interesting
to examine whether any of these culture systems or other new
approaches not yet described in the literature will be able to
improve the chimera competence of monkey ESCs.
EXPERIMENTAL PROCEDURES
Generation of Cynomolgus Monkey Dome-Shaped cESCs from
Primed cESCs
Procedures for dome-shaped state conversion of cESCs are similar to those
previously described (Gafni et al., 2013). Briefly, primed cESCs were digested
into clusters with collagenase, dissociated into single cells by 0.05% trypsin,
and reseeded on feeder cells in the NHSMV media. The NHSMV media of
500 ml included the following components: 475 ml knockout DMEM, 5 g
AlbuMAXI, 5 ml N2 supplement, recombinant human insulin (12.5 mg/ml),
10 ng/ml human LIF, 8 ng/ml recombinant bFGF, 1 ng/ml TGF-b1, 1mM gluta-
mine, 1% nonessential amino acids, 0.1mM b-mercaptoethanol, PD0325901
(1 mM), CHIR99021 (3 mM), SB202190 (5 mM), SP600125 (10 mM), SB203580
(10 mM), and 50 mg/ml Vitamin C. The dome-shaped colonies were selected
and then transferred onto fresh feeder cells for further analysis of their plurip-
otency and differentiation characteristics (see Supplemental Experimental
Procedures).
Monkey Embryo Micromanipulation and Chimera Assays
Procedures for superovulation, oocyte collection, fertilization, and embryo cul-
ture are similar to those previously described (Chen et al., 2012; Niu et al.,
2010). 10–15 single GFP labeled NHSMV-cultured cESCs were injected into
the monkey morulae. Injected morulae were cultured for 24 to 48 hr to the
well-expanded blastocyst stage so we could further check chimera formation
in twodifferent culture conditions termedProtocol 1 (Pr-1) andPr-2 (Figure 1O).
GFP chimeric embryos in Pr-2 were transferred into the oviducts of the
matched recipient monkey. A pregnancy with twins was terminated by cesar-
ean section at a gestation point of 100 days. Autopsies were conducted to
collect tissues from each organ or tissue separately for chimera analysis using
a range of approaches: (1) GFP and SIV-GFP-vector sequence analysis by
PCR of fetal tissue genomic DNA (Figure S3K); (2) SRY gene analysis in the fe-
male fetus; (3) microsatellite parentage analysis of genomic DNA employing
STRs; and (4) GFP fluorescence observation under confocal microscopy.
All animal procedures were approved in advance by the Institutional Animal
Care and Use Committee of Yunnan Key Laboratory of Primate Biomedical
Research and were performed in accordance with the Association for Assess-
ment and Accreditation of Laboratory Animal Care International (AAALAC) for
the Ethical Treatment of Primates.
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